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Summary
Cells that suffer substantial inhibition of DNA replication halt their cell cycle via a checkpoint
response mediated by the PI3 kinases ATM and ATR. It is unclear how cells cope with milder
replication insults, which are under the threshold for ATM and ATR activation. A third PI3 kinase,
DNA-dependent protein kinase (DNA-PK), is also activated following replication inhibition, but the
role DNA-PK might play in response to perturbed replication is unclear since this kinase does not
activate the signaling cascades involved in the S-phase checkpoint. Here we report that mild, transient
drug-induced perturbation of DNA replication rapidly induced DNA breaks that promptly
disappeared in cells that contained a functional DNA-PK whereas such breaks persisted in cells that
were deficient in DNA-PK activity. After the initial transient burst of DNA breaks, cells with a
functional DNA-PK did not halt replication and continued to synthesize DNA at a slow pace in the
presence of replication inhibitors. In contrast, DNA-PK deficient cells subject to low levels of
replication inhibition halted cell cycle progression via an ATR-mediated S-phase checkpoint. The
ATM kinase was dispensable for the induction of the initial DNA breaks. These observations suggest
that DNA-PK is involved in setting a high threshold for the ATR-Chk1-mediated S-phase checkpoint
by promptly repairing DNA breaks that appear immediately following inhibition of DNA replication.
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Introduction
Cells are constantly exposed to environmental and metabolic insults such as radiation, chemical
agents and perturbation of DNA replication. Such exposure may generate DNA lesions that
lead to mutations and DNA breaks and cause genomic instability. Potentially genotoxic lesions
are recognized by damage-sensor kinases that are members of the phosphatidylinositol 3-kinase
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family: ataxia telangiectasia mutated (ATM), ATM- and Rad3-related (ATR), and DNA-
dependent protein kinase (DNA-PK) 1; 2. Replication-mediated DNA breaks are
predominantly recognized by the ATM and ATR kinases, which induce a DNA damage S-
phase checkpoint 3; 4; 5. The third kinase, DNA-PK, is primarily involved in the response to
double strand DNA breaks (DSBs) induced by replication independent lesions (for a recent
review, see 6). In contrast to ATM and ATR, DNA-PK is not directly involved in the activation
of the S-phase checkpoint. However, cells deficient in the catalytic subunit of DNA-PK are
hypersensitive to replication inhibition by hydroxyurea (HU) 7, suggesting that DNA-PK plays
a role in the response to replication perturbation. The role of DNA-PK in the response to DSBs
at replication forks has yet to be elucidated.

DNA-PK consists of a catalytic subunit (DNA-PKcs) and of the Ku heterodimer (Ku70/Ku80)
regulatory subunit 8. The DNA-PK complex plays a major role in activating nonhomologous
end-joining (NHEJ) repair in mammalian cells 8; 9; 10 and is involved in induction of
programmed cell death, telomere maintenance, and innate immunity 6; 9. The Ku subunit first
binds to DNA ends and then recruits DNA-PKcs 11, which can tether broken DNA ends
together. The assembled DNA-PK can phosphorylate the histone H2AX in the absence of
ATM, forming foci of phosphorylated H2AX (γ-H2AX) in a manner akin to that described for
ATM and ATR 12; 13 (for a review see 14). The assembly of Ku and DNA-PKcs at the sites
of DSBs is followed by recruitment of the DNA ligase IV-XRCC4 complex and ligation of the
two DNA ends.

Mammalian cells have two distinct DNA DSB repair pathways: homologous recombination
(HR) and NHEJ. HR requires sequence homology at the sites of DNA breaks and functions at
late S-phase and G2 phase when sister chromatids are present. In contrast, NHEJ plays a role
at all phases of the cell cycle. HR is the predominant pathway that repairs replication-mediated
DSBs 7; 15 and plays an important role in the repair of stalled replication forks 16; 17. However,
in both human fibroblasts and Chinese hamster ovary cells, the NHEJ pathway recognized
DSBs earlier than the HR pathway 18; 19. Interestingly, HR- or NHEJ (DNA-PKcs)-deficient
Chinese hamster ovary cells are sensitive to HU but only HR-deficient cells are sensitive to
thymidine 7. These observations suggest that the roles of HR and NHEJ in the recognition and
repair of lesions caused by replication perturbations may differ depending on the replication
stress.

To study the role of DNA-PK in the response to replication arrest, we used the DNA replication
inhibitor aphidicolin (APH). APH, a mycotoxin isolated from Cephalosporium aphidicola,
inhibits DNA replication by interacting with the replicating DNA polymerase α(pol α). APH
specifically inhibits the activity of replicating DNA polymerases in eukaryotic cells while not
affecting other metabolic pathways, such as RNA, protein, and nucleotide biosynthesis 20;
21; 22. APH forms a pol α-DNA-APH ternary complex 23 that does not inhibit the primase
activity of the pol α-primase complex but inhibits the elongation step of DNA pol α, δ, and
ε24; 25. APH preferentially blocks dCTP incorporation 22; 26; 27. APH inhibits S-phase
progression but allows cells in G2, M, and G1 to continue their growth cycle. High levels of
APH completely inhibit DNA replication and induce a DNA damage S-phase checkpoint that
requires the activation of Chk1 28. However, lower levels of APH decrease the rate of fork
progression without activating checkpoints.

We investigated the role of DNA-PK in response to replication inhibition by APH. Here we
report that all cells, regardless of DNA-PK status, induced a surge of DNA breaks after a short
exposure to APH. When APH levels were low, cells that contained DNA-PK rapidly repaired
DNA breaks generated by APH and did not activate an S-phase checkpoint. In the absence of
DNA-PKcs, DNA breaks were not repaired and the cells activated a Chk1-mediated DNA
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damage S-phase checkpoint that required ATR. In these cells, checkpoint activation led to a
complete halting of replication fork progression and to the activation of the HR pathway.

Results
Hypersensitivity to low doses of APH in cells deficient in DNA-PKcs

To determine the role of DNA-PK in the response to replication perturbation, we examined
the sensitivity of cells with an active DNA-PK and cells deficient in DNA-PKcs- to APH with
respect to inhibition of DNA synthesis. For the initial experiments we used a pair of glioma
cell lines, M059K and M059J. Both cell lines were derived from the same tumor but M059K
has an active DNA-PK whereas M059J has an inactive DNA-PK 29. We determined the rate
of DNA replication in the presence or absence of APH by measuring the incorporation of the
nucleotide analog bromodeoxyuridine (BrdU) into DNA. Fluorescence-activated cell sorting
(FACS) analysis revealed that BrdU incorporation was reduced in a dose-dependent manner
in both cell lines. Notably, low APH doses (below 1μg/ml) sharply suppressed DNA synthesis
in cells deficient in DNA-PKcs whereas the suppression was milder in cells with an active
DNA-PK. DNA synthesis was completely suppressed in both cell lines at the highest dose of
APH (10μg/ml; Figure 1).

Although the M059K and M059J cells were originally derived from the same tumor, they
harbor other differences unrelated to the DNA-PK deficiency. (For example, as shown in Figure
1A and 1C, the frequency of M059K cells in S-phase was consistently higher than the frequency
of M059J cells in S-phase. M059J cells exhibit reduced ATM signaling, which is cross-
regulated with DNAPK 30. For an example of other documented differences, see 31. ) We
applied two tests to examine whether the hypersensitivity to low doses of APH was due to the
DNA-PKcs deficiency and not to other differences between the two cell lines. First, we
inhibited DNA-PK in M059K cells using NU7026 32. When cells with an active DNA-PK
were treated with NU7026 before the addition of APH (Figure 1C), DNA synthesis was
strongly suppressed, similar to the suppression observed in DNA-PKcs-deficient cells. Second,
we tested whether sensitivity to low doses of APH reflected the different status of DNA-PKcs
by comparing M059J/Fus1 cells (complemented with a fragment of human chromosome 8
containing the gene for DNA-PK) with M059J/Fus9 cells (M059J cells that were transfected
with an empty vector and therefore remained DNA-PKcs deficient). Importantly, the frequency
of cells in S-phase was similar in both cell lines (Figure 1B, 1C). As shown in Figure 1B and
1C, the DNA-PK complemented M059J/Fus1 cells were less sensitive to low doses of APH
than the DNA-PK deficient M059J/Fus9. These results demonstrated that sensitivity to low
doses of APH significantly increased in the absence of DNA-PKcs.

Phosphorylation of DNA-PK after treatment with APH
Because the DNA-PK status affected the response of cells to APH, we investigated directly
whether DNA-PK was activated by APH. DNA-PKcs is autophosphorylated at several serine
and threonine residues after DNA damage 33; 34. It can also be phosphorylated by ATM 35
and ATR 36. Although the residues undergoing phosphorylation vary and correlate with the
nature of the triggering damage, DNA-Pkcs phosphorylation on threonine 2609, which reflects
either autophosphorylation or phosphorylation by ATM or ATR, correlates with an active
enzyme 35; 37. We used antibodies against phospho-DNA-PKcs-T2609 to detect the active
form. Cells were also immunostained with proliferating cell nuclear antigen (PCNA), a marker
for cells in S-phase. As shown in Figure 2, phospho-DNA-PKcs was absent or very low in
untreated cells, but these cells exhibited a marked phosphorylation of DNA-PKcs 10 minutes
after exposure to 1μg/ml APH during S-phase (Figure 2A, left panels, 2B and 2C). As expected,
phospho-DNA-PKcs was not observed even after treatment with APH in DNA-PKcs-deficient
cells (Figure 2A, right panels). Phospho-DNA-PKcs was also absent from cells with an active
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DNA-PKcs in the presence of the DNA PK inhibitor NU7026, consistent with the notion that
DNA-PK undergoes autophosphorylation. Phosphorylation of DNA-PKcs was not inhibited
by UCN-01, an inhibitor of Chk1, suggesting that DNA-PK is activated independent of Chk1
(Figure 2B).

Although M059J cells do not have an active DNA-PKcs, they do have Ku, the regulatory
subunit of DNA-PK, which binds DNA before recruiting the catalytic subunit 6; 8; 38. The
phosphorylation of DNA-PKcs might have indicated that double stranded DNA ends were
formed following exposure to APH. To investigate whether such structures were also formed
in DNA-PK deficient cells, and to inquire whether the Ku subunit would recognize DNA ends
following exposure to APH in the absence of DNA-PK activity, we examined the localization
of Ku70 and γ-H2AX 39; 40. γ-H2AX and Ku70 foci appeared shortly after exposure to low
levels of APH (10 minutes after exposure to 1μg/ml APH).

Ku70 accumulated at the sites of DSBs regardless of the DNA-PK status of the cells.
Interestingly, in cells that contain active DNA-PK the intensity of γ-H2AX and Ku70 staining
decreased after prolonged APH treatment (60 minutes after the initial exposure). In contrast,
high levels of γ-H2AX and Ku70 foci persisted in cells deficient in DNA-PKcs (Figure 2D).
These results suggest that a low dose of APH rapidly induced DNA breaks that were recognized
by Ku70. In the presence of DNA-PKcs, such breaks were repaired, presumably by NHEJ, and
the Ku protein dissociated from DNA ends. By contrast, in the absence of DNA-PK, Ku
persisted at sites of unrepaired DNA breaks.

The focal patterns of Ku70 and γ-H2AX implied that APH treatment formed DSBs, which
might be toxic to cells. Since APH is not generally toxic, we tested whether cells that are
deficient in DNA-PK exhibit an increased sensitivity to low doses of APH. As shown in Figure
2E, a 2-hour exposure to 1 mg/ml APH significantly decreased the survival of Mo59J cells but
not M059K cells. Treatment with 10 mg/ml APH affected colony forming abilities of both cell
lines but the effect on M059J cells was more prominent. To investigate directly whether
exposure to APH produced DSBs, we tested for the presence of broken DNA using a neutral
COMET assay. Neutral COMET assays primarily detect double-stranded DNA strands,
although single stranded breaks might also possibly be detected 41. As shown in Figure 3, F
and G, untreated cells do not show a “tail” in a COMET assay whereas cells treated with APH
for 10 minutes exhibited a marked increase in DNA breaks. A COMET tail was not observed
after exposure of the cells to hydrogen peroxide, which induces single stranded DNA break,
although the same cells exhibited a COMET tail under alkaline conditions (data not shown).
These observations suggested that the DNA breaks we observed were double stranded. After
60 minutes, DNA breaks were significantly more abundant in cells deficient in DNA-PKcs,
consistent with the patterns exhibited by Ku70 and γ-H2AX.

Persistent γ-H2AX in DNA-PKcs–deficient cells after treatment with APH
To learn more about the dynamics of the initial surge of DSBs, we determined the kinetics of
γ-H2AX formation after APH treatment in the presence and absence of DNA-PK activity. We
have also tested the formation of γ-H2AX foci in XR17 cells42, derivatives of XR-1, which
are Chinese hamster cells deficient in the activity of XRCC443. Cells were immunostained
with γ-H2AX at the indicated time. Cells were also immunostained with PCNA to identify S-
phase cells as described. In cells that exhibited DNA-PK and XRCC4 activity, γ-H2AX
appeared after 10 minutes of treatment with 1μg/ml APH and disappeared after 30 minutes of
treatment, whereas γ-H2AX was still observed 30 and 60 minutes after treatment in DNA-
PKcs and XRCC4 deficient cells (Figure 3, A–C). The frequency of γ-H2AX was only
determined in S-phase (PCNA-positive) cells; cells in other stages of the cell cycle did not
induce γ-H2AX foci (data not shown). Cells with an active DNA-PK in S-phase did not induce
γ-H2AX foci after exposure to 0.1μg/ml APH, showed a transient induction of γ-H2AX after
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treatment with 1μg/ml APH, and showed a persistent induction of γ-H2AX after treatment with
10μg/ml APH (Figure 3B, left). The same pattern of transient induction of γ-H2AX in S-phase
was observed in normal human fibroblasts (GM0037) treated with 1μg/ml APH (data not
shown). In contrast, DNA-PKcs-deficient cells maintained a high frequency of γ-H2AX 60
minutes after exposure to all APH doses (from 0.1 to 10μg/ml APH) (Figure 3B, right). To test
whether DNA-PK was required for the disappearance of γ-H2AX foci after APH treatment,
we used a specific DNA-PK inhibitor, NU7026. The disappearance of γ-H2AX in cells with
an active DNA-PK after treatment with 1μg/ml APH was inhibited by NU7026 (Figure 3B,
left). We have also determined the kinetics of γ-H2AX foci formation in M059J/Fus1 cells,
which were complemented by DNA-PKcs. These cells exhibited a reduction in γ-H2AX foci
after APH treatment (Figure 3C) whereas no reduction was observed in the non-complemented
M059J/Fus9 cells. These results suggested that the disappearance of γ-H2AX after treatment
with low doses of APH depended on DNA-PK.

We next investigated whether the checkpoint kinases, ATM, ATR, and Chk1 were involved
in the phosphorylation of H2AX in response to lower levels of APH. As shown in Figure 4A,
caffeine, an inhibitor of the ATM and ATR kinases, abrogated the formation of γ-H2AX after
1μg/ml APH treatment in M059K cells, suggesting that ATM and/or ATR phosphorylates
H2AX. In contrast, UCN-01, an inhibitor of Chk1, did not affect the induction of γ-H2AX after
1μg/ml APH treatment, suggesting that Chk1 is not involved in the induction of γ-H2AX. To
distinguish between ATR and ATM, we used cells that expressed a conditional, doxycycline-
induced dominant negative form of ATR (ATR kinase dead; ATRkd) 44. As shown in Figure
4B, cells pretreated with 2μg/ml doxycycline for 2 days to activate ATRkd did not induce γ-
H2AX after APH treatment. These results indicate that γ-H2AX was produced by ATR, in
agreement with previous reports 45.

Because the ATM kinase might also play a role in the S-phase checkpoint, we investigated
whether this kinase was necessary for the formation of DNA breaks following exposure to low
levels of APH. As shown in Figure 4C, cells that were deficient in ATM exhibited transient
DNA breaks induced with similar kinetics as cells with wild type ATM. In cells deficient in
ATM, the breaks were induced but were not repaired, in line with the observation that the
phosphorylation of DNA-PK is partially ATM-dependent 46, 35.

Checkpoint activation after treatment with a low dose of APH occurs in the absence of DNA-
PK

The DNA-damage S-phase checkpoint in response to high levels of APH (50μg/ml) involves
the activation of Chk1, a kinase downstream of ATR 28. To examine whether low levels of
APH activated Chk1 in cells proficient in DNA-PK activity and DNA-PKcs-deficient cells,
we measured the levels of activated Chk1 at various times after treatment. Because Chk1 is
phosphorylated after DNA damage 47, the active form of Chk1 can be identified by antibodies
against phospho-Chk1 (serine 317). We identified S-phase cells by PCNA staining as
described. As shown in Figure 5A and 5B, phosphorylated Chk1 appeared 60 minutes after
treatment of cells with an active DNA-PK with 1μg/ml APH and 10 minutes after treatment
of DNA-PKcs-deficient cells. Phosphorylated Chk1 was also detected in DNA-PKcs-deficient
cells, but not in cells with an active DNA-PK, after treatment with 0.1μg/ml APH (Figure 5B).
A Western blot analysis confirmed that the levels of Chk1 are higher and more persistent in
cells deficient in DNA-PK although some phoshphorylated Chk1 was detected after exposure
of DNA-Pkcs positive cells to APH for 60 minutes (Figure 5C). A high dose of APH (10μg/
ml) caused Chk1 phosphorylation in both cells with an active DNA-PK and DNA-PKcs-
deficient cells (Figure 5B). These results suggested that active DNA-PK prevented Chk1
phosphorylation after exposure to low doses of APH, probably averting the activation of the
Chk1-mediated S-phase checkpoint.
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To elucidate the molecular mechanism of APH action, we used a DNA fiber assay 48 to inquire
how low levels of APH affected the initiation and the elongation stages of DNA replication.
Cells were pulse labeled with 5-Iodo-2′-deoxyuridine (IdU) before treatment with APH
(detected by Cy3; red signal) and labeled with 5-chloro-2′-deoxyuridine (CldU) after treatment
(detected by Alexa 488; green signal). Initiation of DNA replication during the first labeling
period (before APH treatment) was detected as green-red-green tracks (G-R-G, red signal
flanked by two green signals), initiation during the second labeling period (in the presence of
APH) was detected as green-only tracks (G), elongation of replication forks that initiated before
IdU labeling was detected as unidirectional red-green tracks (R-G), whereas red - only tracks
(R) and rare R-G-R tracks suggested termination events. We estimated the frequency of new
origin firing, ongoing replication forks, and stalled replication forks after treatment with APH
(Figure 6, B–D). Low doses of APH suppressed initiation of DNA replication (measured by
the abundance of G-only fibers – Figure 6B) in DNA-PKcs-deficient cells. However, in cells
with an active DNA-PK, low APH levels did not inhibit initiation of DNA replication (the
abundance of G-only fibers remained constant) whereas replicating DNA tracks (CldU signals
in R-G tracks, Figure 6A) were significantly shorter (the average length of the green signals
in R-G tracks was reduced from 1.93μm (standard deviation: 0.4) to 0.45μm (standard
deviation: 0.14)). These data indicated that replication fork progression was suppressed after
APH treatment, and that most replication forks continued to progress when exposed to APH
doses at or below 1μg/ml (Figure 6C, 6D). In contrast, in DNA-PKcs-deficient cells, most
replication forks exhibited R-only tracks (stalled replication forks) even after treatment with
APH doses as low as 0.1μg/ml (Figure 6A, 6D). These results demonstrated that
hypersensitivity to low doses of APH in DNA-PKcs-deficient cells was caused by suppressing
the firing of replication origins and stalling the progress of replication forks, hallmarks of the
DNA damage-induced S-phase checkpoint. The stalling of replication forks was not affected
by the presence or absence of the ATM kinase (compare GM00637 cells and GM05849 cells
in Figure 6A).

The data presented above suggest that APH-induced DSBs triggered the DNA damage S-phase
checkpoint only in the DNA-PKcs-deficient cells. To test this possibility, we treated cells with
the checkpoint inhibitors caffeine (inhibitor of phosphatidylinositol 3 kinases such as ATM
and ATR) and UCN-01 (inhibitor of Chk1). Consistent with the above hypothesis, both
inhibitors abrogated the suppression of origin firing and the stalling of replication forks in
DNA-PKcs-deficient cells (Figure 6B and 6D).

Finally, we investigated the effect of DNA-PK deficiency on the activation of Rad51, which
is an essential factor for homologous recombination (HR). HR is the major repair pathway
activated after replication perturbation 7; 15. As shown in Figure 7A, Rad51 foci were not
induced after treatment with 1μg/ml APH in cells with an active DNA-PK. In contrast, many
Rad51 foci appeared 60 minutes after treatment with the same dose of APH in DNA-PKcs-
deficient cells (Figure 7A). The distribution of Rad51 foci was constant after treatment with
APH in cells with an active DNA-PK but significantly changed 60 minutes after treatment in
DNA-PKcs-deficient cells (Figure 7B). These results suggested that HR was activated by APH-
induced DSBs when the damage was not repaired by DNA-PK.

Discussion
Long treatments with APH are known to generate DSBs 49; 50; 51 and activate fragile site
expression 52. In contrast, short treatments with APH (less than 1 hour) are thought to inhibit
replication fork progression without induction of DSBs 53; 54. The data reported here reveal
that a short (10 minutes) treatment with APH rapidly activated transient γ-H2AX foci, which
mark DSBs, in an ATR-dependent manner. This surge of γ-H2AX foci could occur in cells
that had been treated with a Chk1 inhibitor, suggesting that γ-H2AX foci formation did not
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depend on the activation of the S-phase checkpoint through the Chk1-mediated signaling
cascade. In cells with normal DNA-PK, γ-H2AX foci induced by low level of APH rapidly
disappeared, indicating that the initial group of DSBs was repaired without inducing a cell
cycle checkpoint and that the subsequent low progression of replication forks did not lead to
further induction of DSBs. Our data further indicate that DSBs were recognized by the Ku
protein and that the reduction of γ-H2AX levels after exposure to a low dose of APH required
DNA-PK activity. These observations suggest that an activity of DNA-PK, most likely the
activation of the NHEJ pathway, rapidly repaired APH-induced DNA DSBs when damage was
low. It is likely that the induction of a cell cycle checkpoint by ATR only occurred when DNA-
PK activity was absent or insufficient to tackle the damage.

The data reported here suggest that the ATR kinase is primarily responsible for the surge or
DSBs and the inhibition of DNA replication after exposure to low levels of APH. By contrast,
the cellular response to other drugs that inhibit DNA replication such as CPT are mediated
primarily by ATM, suggesting that the two responses are activated by different lesions.
Exposure to CPT in actively replicating cells directly forms DSBs that trigger the ATM-
mediated damage response and can be prevented by APH, which inhibits replication and
prevents the formation of replication-mediated DNA breaks 53. As shown here, cells with
functional DNA-PK do not exhibit DNA breaks in the presence of mild doses of APH. In those
cells, replication is inhibited by APH and no further DSBs are formed after the repair of the
first surge of DSBs. This repair process, coupled with APH-induced inhibition of DNA
replication, facilitates prevention of replication-dependent DNA breaks after exposure to CPT.

Cells deficient in DNA-PK were not deficient in the activation of the S-phase checkpoint,
which suppresses origin firing and stalls replication forks. However, these cells exhibited an
increased sensitivity to low doses of APH and a lower threshold (0.1μg/ml) beyond which the
ATR-Chk1-mediated S-phase checkpoint was activated. These studies are consistent with the
observation that DNA-PK inhibition strongly activates Chk1 and Chk2 after ionizing radiation
that leads to sustained G2 arrest after DNA damage 55. Our studies are also consistent with
the observed phosphorylation of DNA-PK, which correlates with its activation 38. DNA-PK
deficient cells were reported to be highly sensitive to low doses of ionizing radiation 56; 57
and were also sensitive to the replication inhibitor hydroxyurea 7; 19. Our data demonstrate
that DNA-PKcs-deficient cells were hypersensitive to APH but only at low doses (below
1μg/ml). We further demonstrated that exposure to APH recruits the regulatory subunit of
DNA-PK, Ku, to chromatin regardless of DNA-PKcs status. In cells with an active DNA-PK,
exposure to APH triggered the phosphorylation of the catalytic subunit of DNA-PK. Activation
of DNA-PK occurred before activation of Chk1 and was not inhibited by the Chk1 inhibitor,
UCN-01. It is plausible that at low levels of APH, DNA-PK repaired DSBs by NHEJ before
the activation of Chk1-mediated S-phase checkpoint. In DNA-PKcs-deficient cells, damage
sensors detected persistent DSBs and triggered the S-phase checkpoint, possibly because the
NHEJ pathway was not activated. Consistent with this, replication elongation continued slowly
after exposure to low levels of APH in cells with an active DNA-PK but forks completely
stalled when cells were exposed to 10μg/ml APH, suggesting that high levels of DNA damage
that were not repaired by NHEJ triggered the Chk1-mediated S-phase checkpoint. These data
are in concert with the observation that the yeast S-phase tolerates a low level of damage-like
structures and requires a threshold level of DNA damage to activate the checkpoint response
that prevents late replication 58.

Mammalian cells have two distinct DNA repair pathways for DSBs, NHEJ and HR. Our data
are consistent with the suggestion that the DNA-PK-mediated NHEJ pathway recognizes DSBs
faster than the HR pathway and acts before the activation of the DNA damage S-phase
checkpoint 7. The activation of NHEJ by DNA-PK and XRCC4 before recruitment of Rad51
to sites of replication inhibition might underlie the roles of DNA-PK and XRCC4 in
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suppressing spontaneous HR 59 when spontaneous HR is caused by stalled or collapsed
replication forks 15,60. Our DNA fiber analysis suggests that when DNA-PK is active,
replication can proceed slowly even in the presence of low levels of DNA polymerase
inhibition. Presumably, under these conditions, low levels of DNA breaks are repaired via the
NHEJ pathway. Although we cannot formally rule out that DNA-PK is involved in another
repair pathway unrelated to NHEJ, our data are consistent with the suggestion that the ATR-
Chk1-mediated S-phase checkpoint is activated in the absence or insufficiency of NHEJ and
that the active S-phase checkpoint serves to stabilize replication forks to facilitate the
alternative HR repair pathway.

Taken together, the observations reported here have elucidated the relative roles of DNA-PK
and the S-phase checkpoint in response to replication inhibition. Perturbations of DNA
replication produce a surge of DSBs that is initially repaired by DNA-PK. In this way, DNA-
PK prevents the activation of the Chk1-mediated S-phase checkpoint. ATR predominantly
induces this S-phase checkpoint in response to replication perturbation in the absence or the
insufficiency of the initial response catalyzed by DNA-PK. These data suggest how DNA-PK
activity might affect the sensitivity of cells to drugs that perturb DNA replication.

Materials and Methods
Cells and culture conditions

The M059K and M059J human glioma-derived cell lines 29, the human fibroblast cell lines
GM00637 (normal ATM) and GM05849 (deficient in the ATM kinase) and the Chinese
hamster XD-17 cell line were grown in Dulbecco’s modified Eagle’s medium (DMEM)
supplemented with 10% heat-inactivated fetal calf serum and L-glutamine (Gibco-BRL).
M059J/Fus1 and M059J/Fus9 cells 56 were grown in DMEM supplemented with 10% fetal
bovine serum 250μg/ml G418 (Invitrogen). SV40 transformed GM847 fibroblasts harboring
ATRkd 44 (ATRkd cells) were grown in DMEM supplemented with 10% heat-inactivated fetal
calf serum, L-glutamine and 400μg/ml G418.

Drugs
UCN-01 provided by the Drug Synthesis Chemistry Branch, Division of Cancer Treatment,
National Cancer Institute, was dissolved at a final concentration of 100 mM in Me2SO and
stored at −20°C. APH was purchased from Wako, U.S.A. Caffeine was purchased from Sigma.
DNA-PK inhibitor 2 (NU7026) was purchased from Calbiochem. APH was dissolved in
Me2SO (1 mg/ml) and stored at −20°C. Caffeine was dissolved in DMEM (30 mM) and stored
at 4°C. DNA-PK inhibitor 2 was dissolved in Me2SO (10 mM) and stored at −20°C.

DNA fiber analysis
DNA fiber analysis was performed as described previously 48. Cells were labeled with 20μM
IdU for 10 min and then labeled with 20μM CldU for 20 min. Cells were trypsinized and
resuspended in PBS at 1 x 106 cells/ml. The cell suspension (2.5μl) was mixed with 7.5μl lysis
buffer (0.5% SDS in 200 mM Tris-HCl, pH 7.4, 50 mM EDTA) on an uncoated glass slide
(Daigger). After 8 min, DNA spreads were fixed in 3:1 methanol:acetic acid for 5 minutes and
stored in 70% ethanol at 4°C. Double immunostaining of CldU and IdU was performed
according to Dimitrova and Gilbert 61. The slides were incubated in 100% methanol at room
temperature for 5 minutes and rehydrated with PBS. DNA was denatured with 2.5 N HCl at
37°C for 30 minutes, then washed and incubated with primary antibodies. The anti-CldU
(Accurate Chemical and Scientific Corporation) and anti-IdU (Becton Dickinson) antibodies
were diluted in PBS with 0.5% bovine serum albumin (BSA). Cells were incubated with the
antibodies for 1 hour at 37°C. The slides were then washed 3 times with 0.1% Triton X-100
in PBS and incubated for 1 hour at 37°C with secondary antibody conjugated with Alexa 488
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(Molecular Probes for rat immunoglobin G) and Cy-3 (Jackson Immuno Research
Laboratories, Inc. for mouse immunoglobin). The slides were washed 3 times with 0.1% Triton
X-100 in PBS and counterstained for DNA with 4μg/ml 4′-6-diamino-2-phenylindole in
aqueous mounting medium (Biomeda Corp.). Images of DNA fibers were captured by
epifluorescence microscopy using 100X objective lens.

FACS analysis
Cells were labeled with 20μM BrdU and 0.25μM fluorodeoxyuridine (FdU, Fluka), washed
with PBS, and fixed in 70% ethanol overnight. DNA was denatured with 1 M HCl-0.1% Triton
X-100 on ice for 10 minutes followed by boiling for 10 minutes. Cells were incubated with
fluorescein isothiocyanate-conjugated anti-BrdU antibody (Becton Dickinson) for 1 hour, and
DNA was stained with propidium iodide in the presence of RNase. BrdU-positive cells were
detected and quantified by FACScan (Becton Dickinson).

Immunofluorescence
Cells were grown on 18mm x 18mm x 1mm coverslips (Fisher 12-548-A). After treatment
with APH, cells were washed with PBS, treated with a hypotonic lysis solution (10 mM Tris-
HCl pH 7.4, 2.5 mM MgCl2, 1 mM phenylmethylsulfonyl fluoride, and 0.5% Nonidet P-40)
for 8 minutes on ice. Cells were fixed in 4% paraformaldehyde in PBS for 10 minutes, washed
in PBS, made permeable in 100% methanol at −20°C for 15 minutes, and then washed and
blocked with PBS containing 1% BSA and 0.1% Triton X-100 for 30 minutes. Cells were
incubated with anti-PCNA (Santa Cruz), anti-γ-H2AX (Upstate), anti-phospho-DNA-PKcs-
threonine-2609 (Abcam, ab18356), anti-phospho-Chk1-Serine-317 (Cell Signaling), or anti-
Ku70 (Santa Cruz, sc-1486) antibodies. Antibodies were diluted in PBS with 0.5% BSA for 1
hour at 37°C. Slides were then washed 3 times with 0.1% Triton X-100 in PBS and incubated
for 1 hour at 37°C with secondary antibody conjugated with Alexa 488 (Molecular Probes) or
Cy-3 (Jackson Immuno Research Laboratories). Slides were washed 3 times with 0.1% Triton
X-100 in PBS and counterstained for DNA with 4′-6-diamino-2-phenylindol. Images were
captured by confocal microscopy (Nikon; PCM 2000) using 100X objective lens.

Neutral Comet Assay
Neutral comet assay was performed using the CometAssay Kit (Trevigen) following the
manufacture’s protocol. Cells were treated with APH for indicated times. Cells were collected
and suspended in low melting point agarose. The agarose was applied to CometSlidesTM and
allowed to set at 4°C in the dark. After lysis of the agarose-embedded cells in lysis solution
(2.5 M NaCl, 100 mM EDTA, pH 10, 10 mM Tris base, 1% sodium lauryl sarcosinate, 0.01%
Triton X-100), the slides were electrophoresed in TBE, pH 8 (0.089 M Tris, 0.089 M boric
acid, 0.003 M EDTA). The samples were then fixed in 70% ethanol and dried overnight before
staining with SyBr® Green (Molecular Probes, Eugene, OR) to visualize cellular DNA. Images
of nuclei were captured by CCD camera (Roter Scientific; Cool SNAP FX) with
epifluorescence microscopy (Olympus; IX70) using a 20X objective lens. For each sample, 50
cells were scored for the length of tail. Tail length was manually measured using the IPLab
software. Two independent experiments were performed for each data set.

Western Blot Analyses
Cells were treated with 1 ug/ul (final concentration) APH for the indicated times. Cells were
lysed at room temperature in 200μl sucrose buffer (0.32 m sucrose, 10mM 1 M Tris-HCL
pH=7.4, 3mM CaCl2, 2mM 1 M magnesium acetate, 0.1 mM 0.5M EDTA, 0.5%NP-40, 1 mM
DTT, and 0.5 PMSF), centrifuged at 500g for 5 min and the nuclear extract pellet was washed
with sucrose buffer solution without NP-40. Nuclei were sequentially washed with low salt
buffer (20 mM Hepes, 1.5 mM MgCl2, 20 mM KCL, 0.2 mM 0.5 EDTA, and 25% glycerol)

Shimura et al. Page 9

J Mol Biol. Author manuscript; available in PMC 2007 April 25.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



and high salt buffer (20 mM Hepes, 1.5 mM MgCl2, 20 mM KCL, 0.2 mM 0.5 EDTA, 25%
glycerol, and 1% NP-40). Proteins were recovered through centrifugation at 14000 rpm for 15
min. Proteins were separated by SDS-PAGE and transferred onto PVDF membranes.
Membranes were blocked with 5% non-fat milk for 1 hour and incubated with either mouse
anti-phospho-Histone H2AX (Ser 139) clone JBW 103 (Upstate), rabbit anti-phopho-Chk1
(Ser317) (Cell Signaling) or mouse [10B1] phospho DNA PKcs (AbCam) overnight at 4°C.
To verify that we can detect DNA-PK in M059K but not in M059K, we used mouse [7A4]
DNA PKcs (data not shown). Secondary incubation with peroxidase-conjugated anti-mouse
or anti-rabbit IgG antibody (Santa Cruz) was performed for 1 hour and detection was achieved
with SuperSignal west pico chemiluminescent substrates (Pierce).
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(APH)  

Aphidicolin

(BSA)  
bovine serum albumin

(ATM)  
ataxia telangiectasia mutated

(ATR)  
ATM- and Rad3-related

(ATRkd)  
ATR kinase dead

(BrdU)  
bromodeoxyuridine

(CldU)  
5-chloro-2′-deoxyuridine

(DMEM)  
Dulbecco’s modified Eagle’s medium

(DNA-PK)  
DNA-dependent protein kinase

(DNA-PKcs) 
catalytic subunit of DNA-PK

(DSBs)  
double-strand breaks

(FACS)  
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fluorescence-activated cell sorting

(FdU)  
fluorodeoxyuridine

(HR)  
homologous recombination

(HU)  
hydroxyurea

(IdU)  
5-Iodo-2′-deoxyuridine

(NHEJ)  
nonhomologous end-joining

(PBS)  
phosphate-buffered saline

(pol α)  
polymerase α

(PCNA)  
proliferating cell nuclear antigen
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Figure 1.
DNA synthesis after treatment with APH. (A) Cell cycle distribution after exposure of M059K
and M059J cells to APH for 30 minutes. (B) Cell cycle distribution after exposure of M059J/
Fus1 and M059J/Fus9 cells to APH for 30 minutes. The cell cycle distribution was determined
by FACS. DNA content was determined by propidium iodide counterstaining and BrdU
incorporation was detected with an anti-BrdU antibody (see Materials and Methods). (C)
Average percentage of BrdU-positive cells in APH-treated M059K cells, M059K cells treated
with 20μM of the DNA-PK inhibitor Nu7026 30 minutes prior to exposure to APH, M059J
cells, M059J/Fus1 and M059J/Fus9 cells. M059K cells have an active DNA-PK), M059J cells
are derived from the same tumor as M059K but are deficient in DNA-PKcs, M059J/Fus1 are
complemented with a copy of an active DNA-PKcs and M059J/Fus9 cells are M059J cells
transfected with an empty vector and therefore, DNA-PKcs deficient. Experiments were
repeated at least 3 times with independent samples. Standard deviations are shown in
parentheses.
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Figure 2.
Phosphorylation of DNA-PK and formation of DSBs after treatment with low levels of APH.
(A-C). Cells were treated with 1μg/ml of APH for the indicated times and then immunostained
with PCNA, p-DNA-PKcs, γ-H2AX, and Ku70. The images shown are from double staining
experiments, but similar data were obtained with single staining with each antibody to control
for possible “bleed through” between fluorescent channels. (A) Images of PCNA (green) and
p-DNA-PKcs (red) in untreated cells and APH-treated cells. (B) The average percentage of p-
DNA-PKcs positive, PCNA positive M059K cells after treatment with 1μg/ml APH with and
without NU7026 and UCN-01. 20μM NU7026 and 300 nM UCN-01 were added in medium
30 minutes before APH treatment. We scored the number of p-DNA-PKcs-positive cells in
100 PCNA positive nuclei; the experiment was repeated 3 times with independent samples.
Error bars indicate standard deviations. (C) Western blot analysis of nuclear proteins with
M059K cells treated with APH at the indicated times and probed with an antibody against
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phosphorylated DNA-PK. (D) Images of γ-H2AX (red) and Ku70 (green) in untreated cells
and APH-treated cells. Magnified images are inserted in (A) and (C). (E) colony forming assay
of M059K and M059J cells after exposure to 1μgμl APH for 2 hours. (F–G) Double stranded
DNA breaks formation after APH treatment evaluated by COMET assay. (F) Images of neutral
comet assays after treatment with APH. (G) The distribution of tail length. For each data set,
we scored 50 nuclei from two independent experiments.
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Figure 3.
APH-induced γ-H2AX. Cells were treated with of the indicated doses of APH for the indicated
times and then immunostained with PCNA and γ-H2AX. (A) Patterns of PCNA (green) and
γ-H2AX (red) in untreated cells and in cells treated with 1μg/ml APH. Magnified images are
inserted. (B) The average percentage of γ-H2AX-positive cells in PCNA positive M059K and
M059J cells. Empty circles: 20μM Nu7026 was added 30 minutes before APH treatment. (C)
Frequency of γ-H2AX-positive cells in PCNA positive M059J/Fus1 cells and M059J/Fus9
cells after treatment with 1μg/ml of APH. For (B) and (C), we scored the number of γ-H2AX-
positive cells in 100 nuclei of PCNA positive cells; the experiment was repeated 3 times with
independent samples. Error bars represent standard deviations. (D) Western blot analysis of
nuclear proteins from M059K cells treated with APH for the indicated times and probed with
an antibody against γ–H2AX.
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Figure 4.
ATR-dependent phosphorylation of H2AX after treatment with APH. Cells were treated with
1μg/ml of APH for the indicated times and then immunostained with PCNA and γ-H2AX. We
scored the number of γ-H2AX-positive cells in 100 PCNA positive nuclei; the experiment was
repeated 3 times with independent samples. (A) The frequency of γ-H2AX-positive cells that
have PCNA in M059K cells after treatment with caffeine and UCN-01. 3mM caffeine and 300
nM UCN-01 were added 30 minutes before APH treatment. (B) The frequency of γ-H2AX-
positive cells that have PCNA in ATRkd cells. To activate the ATRkd, cells were pretreated
with μg/ml doxycycline for 2 days. (C) The frequency of γ-H2AX-positive cells in human
fibroblasts that contain wild-type ATM (GM00637) and fibroblasts that are deficient in ATM
(GM05849). Error bars represent standard deviations.
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Figure 5.
Checkpoint activation after treatment with APH. Cells were treated the indicated doses of APH
for the indicated times and then immunostained with PCNA and p-Chk1 (serine 317). (A)
Images of PCNA (red) and p-Chk1 (green) in untreated cells and cells treated with 1μg/ml of
APH. Magnified images are inserted. (B) The frequency of p-Chk1-positive cells in PCNA
positive M059J/Fus1 and M059J/Fus cells treated with 10μg/ml APH. We scored the number
of p-Chk1 positive cells in 100 nuclei of cells with PCNA; the experiment was repeated 3 times
with independent samples. Error bars represent standard deviations. (C) Western blot analysis
of nuclear proteins from M059K and M059J cells treated with APH for the indicated times and
probed with antibodies against phosphorylated Chk1.
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Figure 6.
Suppression of origin firing and stalled replication forks after treatment with APH. The rate of
replication fork progression in M059J/Fus1 (cells with an active DNA-PK), M059J/Fus9 cells
(DNA-PKcs deficient), GM00637 (cells containing wild-type ATM) and GM05849 (cells
deficient in ATM) was measured by a DNA fiber assay. Cells were first labeled with IdU for
10 minutes. IdU was then washed out and the cells were exposed to APH concomitant with
the addition CldU for 20 min. IdU was immunodetected by Cy-3–labeled antibodies (red color;
see Material and Methods). CldU was detected by Alexa488-labeled antibodies (green color).
(A) Images of labeled tracks. Red-green tracks (R-G), red-only tracks (R), green-only tracks
(G), and green-red-green tracks (G-R-G) are indicated by arrowheads. (B) Abundance of G
tracks in M059J and M059J cells (green tracks represent new origin firing). (C) Abundance of
R-G tracks (ongoing replication forks). (D) Abundance of R tracks (stalled replication forks).
3mM caffeine and 300 nM UCN-01 were added 30 minutes before APH treatment. For each
data point, we counted 100 tracks. Each experiment was repeated twice from independent DNA
preparations. Error bars represent standard deviations.
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Figure 7.
Rad51 patterns after treatment with APH. Cells were treated with 1μg/ml of APH for the
indicated time and then immunostained with PCNA and Rad51. (A) Images of PCNA (red)
and Rad51 (green) in untreated cells and in cells treated with 1μg/ml APH. Magnified images
are inserted. (B) The distribution of Rad51 foci after treatment with APH in M059K and M059J
cells. We scored the number of Rad51 foci in 30 PCNA positive nuclei. The experiments were
repeated 3 times with independent samples.
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